7
The COLA (for CAFÉ-based Online Learning Assay) apparatus was based on the above 133 described CAFÉ assay, but 4-well plates were used with 2 capillaries per well. The solutions 134 offered were 250 mM sucrose with or without 15% ethanol. COLA assays were recorded with a 135 time-lapse camera set to a 5 min interval (TLC200, Brinno Inc., Taipei City, Taiwan). Video 136 recordings were then binned into 2 hr intervals to calculate preference for each interval. 
151
CA). The data were tested for normality by examining the QQ plots and using the Wilks-Shapiro 152 normality test, which showed that the data were normally distributed with the exception of Figure   153 5. Data from the FRAPPE experiments were not normally distributed, as we previously found 154 (Peru y Colon de Portugal et al., 2014) , therefore these data were analyzed with non-parametric 155 8 statistics. Data with an n greater than 8 were checked for outliers, defined as >2.5 standard Our previous studies showed that wild-type flies naively avoid alcohol and choose to consume a 165 sucrose solution over a sucrose solution containing alcohol in a 2-choice paradigm (Peru y 166 Colon de Portugal et al., 2014) . This alcohol avoidance changes to preferential alcohol 167 consumption over multiple days (Devineni and Heberlein, 2009) or with a pre-exposure to 168 alcohol vapor the day before (Peru y Colon de Portugal et al., 2014) . Here we recapitulate that 169 result, showing that wild-type flies show slight naive avoidance to alcohol, but this avoidance 170 switches to preference in a dose-dependent manner with the level of alcohol pre-exposure 24-hr 171 prior to the start of a 16-hr abbreviated CAFÉ assay ( Fig. 1B , slope of linear regression 172 0.005±0.003 95% CI, significantly different from 0, **p = 0.0028, n = 6 per dose). Studies from 173 our lab showed that manipulating regulators of actin dynamics, including Rac1 GTPase, can 174 lead to behaviorally distinct alcohol phenotypes, including alcohol-induced sedation and 175 locomotion activation (Rothenfluh et al., 2006; Ojelade et al., 2015a; Ojelade et al., 2015b) .
176
Here, we wanted to investigate whether the manipulation of the state of F-actin would affect 177 preferential alcohol consumption. Pre-feeding wild-type flies 200 nM jasplakinolide (JPK), a 178 peptide with actin polymerization activity ( Fig. 1E and F, one-way ANOVA, F(2,6) = 24.5, p = 179 0.0013, with Dunnett's post-hoc multiple comparisons, *p < 0.027, n = 3), was able to facilitate 180 9 experience-dependent alcohol preference (EDAP) at a sub-threshold pre-exposure dose of 181 ethanol that did not induce preference in control flies (Fig. 1C , two-way ANOVA, with a 182 significant effect, F(1,44) = 11.9, p = 0.0012 of JPK. Sidak's multiple post-hoc comparison **p = 183 0.006 at 30/120 EtOH/air, n = 12 per data point). Conversely, pre-feeding flies 18.9 µM 184 latrunculin A (Lat.A), a toxin that disrupts actin filaments and increases G-actin ( Fig. 1E and F) , 185 prevented the development of EDAP after alcohol pre-exposure at a higher dose ( Fig. 1D , two-186 way ANOVA, with a significant effect, F(1,44) = 7.9, p = 0.0074 of Lat.A. Sidak's multiple post-187 hoc comparison **p = 0.0046 at 50/100 EtOH/air, n = 12). These experiments show that 188 feeding flies drugs interfering with F-actin polymerization prior to alcohol vapor pre-exposure 189 alters their alcohol preference.
191
We next wanted to investigate whether proper regulation of actin dynamics is required during 192 the 20-min alcohol pre-exposure, or during the 16-hr preference test for normal EDAP 193 development. Feeding flies Lat.A after the alcohol pre-exposure still prevented EDAP when 194 tested 21, or 45 hr after the drug feeding ( Fig. 2D , two-way ANOVA, with a significant 195 interaction, F(1,20) = 2.3, p = 0.021. Sidak's multiple post-hoc comparison *p = 0.033 at 50/100 196 EtOH/air, n = 6 and Fig. 2E , two-way ANOVA, with a significant interaction, F(1,20) = 8.8, p = 197 0.0075. Sidak's multiple post-hoc comparison **p = 0.0094 at 50/100 EtOH/air, n = 6). The 198 effects of JPK, however, were more complicated: JPK-feeding no longer facilitated EDAP upon 199 sub-threshold alcohol pre-exposure, except for one time point, where it resulted in naïve alcohol 200 preference without alcohol pre-exposure ( Fig. 2B , two-way ANOVA, with a significant effect, 201 F(1,32) = 4.8, p = 0.037, of JPK. Sidak's multiple post-hoc comparison *p = 0.018 at 0/150 202 EtOH/air, n = 6,12 per data point and Fig. 2C ). These data confirmed the importance of proper 203 actin dynamics for EDAP, but its requirement during or after the pre-exposure was harder to 204 interpret given the mixed results we obtained with JPK vs. Lat.A. Furthermore, our feeding 
228
3E). As before, naïve flies avoided alcohol in the 16hr CAFÉ ( Fig. 3F) . In contrast, all the F-229 actin mutants and control flies developed preference after alcohol pre-exposure ( Fig. 3G , one-230 11 way ANOVA, F(3,32) = 0.94, p = 0.44, n = 6, or 17 for GFP control). Taken together, these data 231 indicate proper actin dynamics is required during alcohol pre-exposure for the acquisition of 232 EDAP.
233 234 F-Actin turnover in the mushroom bodies produces naïve preference for alcohol.
235
We next investigated the effect of increased F-actin turnover on EDAP. To that end we 236 expressed two transgenes in the MB using MB-GS. The first was a dominant negative mutation 237 of Rac1, which keeps Rac1 bound to GDP and inactive. The second manipulation was a 238 constitutively active mutation in tsr producing an activated cofilin protein. As before, these 239 manipulations were restricted to the MB using MB-GS. Activating expression of MB-GS before, 240 or after alcohol pre-exposure did not disrupt EDAP, and in the case of Rac DN even caused an 241 increase in preference ( Fig. 4C , one-way ANOVA, F(2,56) = 6.7, p = 0.0025; Sidak's multiple 242 post-hoc comparison **p = 0.0031, n = 12,18 or 29 for GFP control and Fig. 4D , One-way 243 ANOVA indicated no differences F(2,27) = 2.8, p = 0.075). Surprisingly, overexpression of 244 these mutants also caused preference in naive flies, regardless of whether we induced MB-GS 245 activation before ( Fig. 4A , one-way ANOVA, F(2,45) = 10.6, p = 0.0002; Sidak's multiple post-246 hoc comparison **p = 0.0007, n = 12, or 24 for GFP control) or after alcohol exposure ( Fig. 4B , 247 one-way ANOVA, F(2,27) = 11.2, p = 0.0003; Sidak's multiple post-hoc comparison ***p = 248 0.0003, *p = 0.021, n = 6, or 18 for GFP control). The transgenes' effects were very strong, with 249 significant effect sizes (Hedge's g) between 1.2 and 1.8 ( Fig. 4A and B) . This was unexpected 250 for two reasons. First our results with the opposite mutations ( Fig. 3 ) suggested that actin 251 dynamics during, not after, the pre-exposure are critical for preference development. Second, 252 and even more surprising, our prior findings suggested that the MB are critical for EDAP, but 253 that neurons outside the MB are involved in mediating and determining naïve alcohol avoidance 254 (Ojelade et al., 2015a) . This led us to two alternative hypotheses, the first that increased F-actin 12 turnover in the MB does in fact affect naïve alcohol avoidance. The second hypothesis was that 256 enhanced F-actin turnover gradually increases the voluntary consumption of alcohol compared 257 to controls specifically during our 16-hr 'testing' period.
259
Increased F-Actin turnover mutants display normal naïve alcohol aversion
260
In order to investigate our first hypothesis, we assayed our increased F-actin turnover mutants 
270
Whitney test, U = 216, p = 0.86, n = 14, 32). Therefore, reduced naïve alcohol aversion did not 271 explain why these mutants showed preference in our 16-hr CAFÉ assay in the absence of prior 272 ethanol exposure.
274
Increased F-actin turnover in the MB accelerates the acquisition of alcohol preference
275
We designed our 16-hr CAFÉ assay as the preference testing phase of our EDAP paradigm.
276
However, our above results suggested that mutants with increased F-actin turnover might start 277 out avoiding alcohol, but then acquire preference within this 16-hr 'testing' period. In order to 278 investigate this idea, we had to develop an assay that could monitor preference in real time, as 13 opposed to checking consumption and preference at the end of the 16 hour "testing' period, or 280 every 24 hours as for long-term CAFÉ assays (Ja et al., 2007; Devineni and Heberlein, 2009 ).
281
We therefore developed the CAFÉ-based online learning assay (COLA), which differs from a 282 traditional CAFÉ because consumption of the food offerings is video recorded in real time,
283
allowing minute-level resolution of feeding behavior. Because feeding in the COLA is sporadic,
284
and not continuous, we decided to check preference and consumption every 2 hr. Flies with 285 induced MB-GS>Rac DN showed a gradual increase of the preference index (PI) over the 16-hr 286 experiment, which was less evident for the uninduced control ( Fig. 6A , two-way RM ANOVA for 287 repeat measures, F(2.118, 42.37) = 7.6, **p = 0.0012 significant effect of time and of 288 interaction, time x RU486 treatment, F(7,140) = 3.1, **p = 0.0042, n = 11). When we calculated 289 an interval PI for the first and last six hours of the experiment, experimental Rac DN flies showed 290 a significantly higher PI at the end of the experiment than controls, showing that they acquired a 291 preference increase for the duration of the 16-hr experiment (Fig. 6B , one-way ANOVA with 2 292 pre-selected Sidak's pairwise comparisons, t = 3.17, **p = 0.0058). Because the PI change was 293 most obvious in the first 8 hours, we also determined the slope of a linear regression curve 294 through the first 4 2-hour PI intervals for each replicate, essentially asking whether there is an 295 increase in alcohol preference within the first 8 hours of the experiment. The average slope of 296 these linear regressions was significantly positive for the induced experimental Rac DN flies, but 297 not for the uninduced controls (Fig. 6C , one sample t-test with Bonferroni threshold adjustment, 298 t = 1.91, ns p = 0.085 forgroup, t = 3.18, *p = 0.0098 for + group). It is noteworthy that both 299 control and experimental flies showed a fairly high, albeit indistinguishable, preference even 300 within the first 2 hours of the experiment. There are two reasons for that: first, flies show more 301 alcohol aversion in our 30-min assay (Fig. 5 ) which offers the food in numerous wells, and not 302 small capillaries like in the CAFÉ. This is partially due to their aversion of the (relatively 303 undiluted) smell of alcohol (data not shown). The other reason was the genetic background of 304 the MB-GS driver, which showed relatively high initial preference in the COLA setup, 305 14 irrespective of RU486 induction or UAS-transgene presence. We therefore switched to the 306 MB247-Gal4 driver to test the effect of activated cofilin mutants. Experimental MB247>tsr CA 307 again showed increased preference over the 16-hr experiment compared to controls (Fig. 6D,   308 two-way RM ANOVA, F(1.180, 40.70) = 7.8, **p = 0.0017 for time; and F(1,22) = 10.4, **p = 309 0.0039 for genotype; and (F(7,154) = 2.95, **p = 0.0062 for the genotype x time interaction).
310
The preference at numerous time points was significantly increased with UAS-tsr CA (Fig. 6D, 
311
Sidak's multiple comparisons, t > 3.3, *p < 0.027), and their PI was significantly higher than the 312 control PI during both the first (Fig. 6E , one-way ANOVA with 2 pre-selected Sidak's pairwise 313 comparisons, t = 2.81, *p = 0.0148) and the last six hours of the assay (t = 2.37, *p = 0.0436).
314
Lastly, experimental flies' average slope for the linearly-regressed first 4 2-hr interval PIs was 315 also positive while the control's was not ( Fig. 6F , one sample t-test with Bonferroni threshold 316 adjustment, t = 0.97, ns p = 0.35 for GFP group, t = 3.31, *p = 0.0069 for tsr CA group), indicating 317 that MB247>tsr CA flies learn to prefer alcohol within the first 8 hours of the assay (also visually 318 evident in Fig. 6D ). not be in the overall F/G-actin ratio, but rather the dynamic ability for the F-actin cytoskeleton to 344 change on demand. Indeed, the mechanism of action for JPK is not to just rigidly stabilize actin 345 filaments, but also to enhance the rate of F-actin nucleation (Bubb et al., 2000) . Together, 346 these results suggest that the proper development of EDAP requires enhanced F-actin 347 dynamics and turnover in the Drosophila MB, which is counteracted by Rac CA (Fig.3D ).
348
Similarly, Dietz and colleagues (2012) found that overexpression of Rac CA in the rodent nucleus 349 accumbens reduced cocaine-induced place preference, highlighting the importance of this 350 GTPase in drug abuse across phyla.
352
The temporal requirement of proper F-actin dynamics in preference development
353
Our behavioral paradigm consists of an alcohol pre-exposure followed by a preference test. We
354
were therefore able to ask whether proper F-actin dynamics is required during the pre-exposure 355 and acquisition of preference, or at later stages, i.e. testing, or consolidation. Our data with 356 16 reduced F-actin turnover (Fig.3) suggested that enhanced F-actin dynamics is required during 357 the acquisition of preference, but not thereafter. However, decreasing F-actin with systemic 358 Lat.A feeding after the pre-exposure also led to prevented EDAP ( Fig.2D and E) . Thus, some 359 F-actin generation, or at the very least, F-actin stabilization may also be required during the Enhancing F-actin dynamics led to facilitated alcohol preference, even in the absence of an 372 alcohol pre-exposure ( Fig.4A and B) . Our subsequent analysis showed that this is not due to 373 altered naive avoidance of alcohol (Fig.5; Peru y Colon de Portugal et al., 2014) , but rather 374 because these flies showed fast acquisition of alcohol preference. We determined this using 375 our novel COLA assay, which allows for much refined temporal resolution of monitoring self- 
382
A number of reports have suggested that activated Rac leads to active forgetting of shock-383 conditioned odor avoidance, while dominant-negative Rac and activated cofilin reduce the rate 384 of forgetting (Shuai et al., 2010; Cervantes-Sandoval et al., 2016) . Our results could be 385 interpreted in a similar light, with MB>Rac CA flies not displaying EDAP (Fig.3D) , because they 386 forgot it right away. Conversely, MB>Rac DN and tsr CA showed enhanced preference (Fig.4,6) , 387 because they did not forget any of it. However, induction of Rac CA after ethanol pre-exposure 388 did not affect EDAP (Fig.3E) , showing that activated Rac does not drive an active 
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537
Decreasing F-actin turnover via three different transgenes did not alter naïve alcohol 538 avoidance (one-way ANOVA, F(3,56) = 2.6, p = 0.06, n = 12, or 24 for GFP control). D,
539
Decreasing F-actin turnover with transgene activation prior to ethanol pre-exposure 540 prevented EDAP (one-way ANOVA, F(3,73) = 15.0, p < 0.0001; Sidak's multiple post-hoc 541 comparison ***p ≤ 0.0008, n = 12-18, and 29 for GFP control). E-G, Activating MB-
542
GeneSwitch after alcohol pre-exposure had no effect on naïve avoidance (one-way 543 ANOVA, F(3,32) = 1.9, p = 0.15, n = 6, or 18 for GFP control in F), or on EDAP (one-way 544 ANOVA, F(3,32) = 0.94, p = 0.44, n = 6, or 17 for GFP control in G). 
547
Increasing F-actin turnover with two different transgenes led to naïve preference in mock-548 exposed flies irrespective of MB-GeneSwitch activation before (one-way ANOVA, F(2,45) = 549 10.6, p = 0.0002; Sidak's multiple post-hoc comparison **p = 0.0007, n = 12, or 24 for GFP 550 control in A) or after alcohol pre-exposure (one-way ANOVA, F(2,27) = 11.2, p = 0.0003;
551
Sidak's multiple post-hoc comparison ***p = 0.0003, *p = 0.021, n = 6, or 18 for GFP 552 control in B). C, Increasing F-actin turnover prior to ethanol pre-exposure in alcohol pre-553 exposed flies still led to EDAP, and in the case of Rac DN , enhanced preference (one-way 554 ANOVA, F(2,56) = 6.7, p = 0.0025; Sidak's multiple post-hoc comparison **p = 0.0031, n = 555 12,18 or 29 for GFP control). D, Activating MB-GeneSwitch after pre-exposure also still 556 allowed development of EDAP. One-way ANOVA indicated no differences (F(2,27) = 2.8, p 557 = 0.075), while a t-test with Bonferroni correction suggested significant enhancement of 558 EDAP with Rac DN (t = 2.5, df = 24, ( * ) p = 0.0426, effect size: Hedge's g = 0.95, 0.11-1.80 559 95% CI, n = 9,17, and 6 for tsr). 
571
Experiments were conducted in a CAFÉ online learning assay which monitored 572 consumption from the food capillaries with 5-min resolution. A, Cumulative preference 573 index, from time 0 to time X, for adult-expressed UAS-Rac DN in the MB showed a 574 significant effect of time (two-way RM ANOVA for repeat measures, F(2.118, 42.37) = 7.6, 575 p = 0.0012) and of interaction (time x RU486 treatment, F(7,140) = 3.1, p = 0.0042, n = 11), 576 but no post-hoc differences (Sidak's multiple comparisons, t < 2.3, p > 0.27). B, Interval 577 preference index for the first and last six hours revealed no difference at the start (one-way
578
ANOVA with 2 pre-selected Sidak's pairwise comparisons, t = 0.35, p = 0.93), but a 579 significant increase for the treated group (t = 3.17, p = 0.0058). C, Average slope of the 30 group showed a positive average slope (one sample t-test with Bonferroni threshold 582 adjustment, t = 1.91, ns p = 0.085 forgroup, t = 3.18, *p = 0.0098 for + group). D,
583
Cumulative preference index when expressing MB247>tsr CA showed significant effects of 584 time (two-way RM ANOVA, F(1.180, 40.70) = 7.8, p = 0.0017), treatment (UAS-transgene,
585
F(1,22) = 10.4, p = 0.0039) and interaction (F(7,154) = 2.95, p = 0.0062). The preference at 586 numerous time points was significantly increased with UAS-tsr CA (Sidak's multiple 587 comparisons, t > 3.3, *p < 0.027). E, Interval preference indices were also increased during 588 both the first six hours (one-way ANOVA with 2 pre-selected Sidak's pairwise comparisons, 589 t = 2.81, *p = 0148) and the last six hours (t = 2.37, *p = 0.0436). F, The average slope of 590 the linear regression in the first 8 hours was positive for the experimental tsr CA , but not GFP 591 control group (one sample t-test with Bonferroni threshold adjustment, t = 0.97, ns p = 0.35 592 for GFP group, t = 3.31, *p = 0.0069 for tsr CA group). 
